THE purpose of this report is to describe the cardiovascular dynamics in patients with complete heart block at various rates and the effect of exercise at a fixed heart rate, to ascertain the contributions of stroke volume and of heart rate in the regulation of cardiac output.
Materials and Methods
Thirteen patients with complete atrioventricular block resulting from coronary disease were studied. In seven the diagnosis of coronary disease was established by the presence of typical history and electrocardiographic and enzymatic findings compatible with an acute infarction. Of the remaining six cases, three had a typical history of angina pectoris. In three cases there was no history of myocardial infarction or angina pectoris, and the diagnosis of coronary disease was suspected by the appearance of heart block above age 60 in the absence of any other possible etiologic factor that might be responsible for the establishment of the block. Exercise studies were performed in eight cases.
Right heart catheterization was performed under local anesthesia prior to implantation of a permanent cardiac pacemaker. A no.-6 bipolar electrode catheter * 1 was introduced into the antecubital vein and advanced to the apex of the right ventricle. Another no.-7 Lehman catheter was introduced into the cephalic vein and advanced to the right atrium and right ventricle.
Cardiac output was determined by the indicator-dilution technic with indocyanine t ( The cardiac output was determined at frequent intervals with an average of one determination five to 10 beats apart, from the baseline rate (25 to 40 beats per minute) to a maximum rate of 125.
Heart rate was measured from lead II of the electrocardiogram, simultaneously recorded with the dye-dilution curves. Pressures were recorded with a P 23Db Statham strain gage. Mean pressures were obtained by electronic integration. Peripheral resistance and ventricular work were calculated from Gorlin's formula. 6 The ejection time was calculated from the indirect carotid tracing.7 Exercise was performed in a supine position on a calibrated bicycle ergometer.** All patients were subjected to exercise at a work load of 206 Kg. M. per minute for a period of 4 minutes. During the exercise test the cardiac output was determined every minute during exercise and at 2 and 4 minutes after exercise.
The heart was stimulated through the bipolar electrode catheter in the right ventricle with a portable transistorized pacemaker (Electrodyne Model TR-3)tt at currents of 1.8 to 3 milliamperes at varied rates.
Results

Slow Heart Rates
The cardiac index, stroke index, and left ventricular work were abnormally low at the control slow heart rate in all cases (table 1) . The peripheral resistance was increased, and the central blood volume index was normal. The right ventricular and brachial artery systolic pressures were elevated. The right ventricular end-diastolic pressure was elevated in three cases. The mean brachial artery pressure was normal, and the diastolic pressure was low. As a result the systemic pulse pressure was elevated. Significant beat-to-beat variation in the systemic pressure was observed in all cases ( fig. 1 ). The magnitude of these changes was directly related to the timing of the atrial contractions during the diastolic phase of the cardiac cycle. When the P wave of the electrocardiogram was recorded between the end of the T wave and the beginning of the QRS complex, the systolic pressure was higher. The magnitude of these changes was in the range of 10 to 35 mm. Hg and was higher at the slow rates. The changes in the diastolic pressure were of much less significance. This observation emphasizes the importance of atrial contraction in the level of the left ventricular systolic pressure. Table 1 illustrates the measurements made at the baseline rate, at the optimum rate, and at the maximum rate of stimulation. Many other determinations made in individual cases are not included in the table.
The dye-dilution curves were markedly ab- normal, showing prolonged appearance, buildup, clearance, and mean circulation times. The peak concentration was low, and there was no recirculation curve.
Variable Heart Rates
The cardiac index increased progressively in all cases as the heart rate increased to a point where a maximal response was obtained. This maximal response is the rate at which there is maximal increase in the cardiac index ( fig. 2 ). This maximal increase in the cardiac index was obtained at an average rate of 76 at which point the cardiac index increased from 1.84 + 0.42 to 3.09 + 0.77 L./ min./M.0, representing a 67-per cent increase in the cardiac index for the entire group.* As the heart rate and the cardiac index increased, the stroke index decreased to a range of 62 to 93 beats per minute (with an average of 76 beats per minute) where a tendency for a plateau was observed ( fig. 3 ). The average control stroke index for the group was 49.8 ± 11.3 ml./beat/M.2 at an average rate of 37 beats per minute. At the point of "maximal response" the stroke index declined to 39 (and this occurred at the rate of 76 beats * The number to the right of the + sign represents one standard deviation. -10 0s CO 10 00 17-o0 o0 0~10 m 1 C C
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Circulation, Volume XXX, October 1964 fig. 3 and table 1) . The response of the systemic arterial pressure to an increase in the heart rate was variable and there was a trend to an increase in the systolic pressure with a definite increase in the diastolic pressure ( fig. 4 ). The mean pressure .i (fig. 5 ). The peripheral resistance decreased significantly from an average control 2,052 + 653 to 1,467 + 438 dynes sec. cm.-5 (39 per cent decrease) ( fig. 4 ). The right ventricular pressure was measured in four cases. With the exception of one case (26/2) the right ventricular systolic pressure was elevated at the control rate, with a mild elevation of the end-diastolic pressure (table 1).--With an increase in the heart rate there was a tendency to a decrease in both these pressures (table 1). The mean circulation time and ejection time both decreased from 24 and 0.35 second to 17 and 0.28 second, respectively ( fig. 6 ).
The contour of the dye curves was markedly improved by the change in heart rate. The appearance time, build-up time, and clearance time decreased at faster rates, with the curves showing a nearly normal configuration.
Maximum Response to Stimulation
In our series the "optimum rate of pacing>> HEART RATE -MIN Figure 6 Effect of heart rate on the ejection time and mean circulation time.
ranged from 62 to 93, with an average of 76 beats per minute. At this rate the cardiac index increased 67 per cent in relation to the control values, the stroke index decreased 20 per cent, and the mean arterial pressure increased 15 per cent (figs. 4 and 5). The range for the maximum response was quite narrow. Eleven of 13 cases had this maximum response between 60 and 81 beats per minute, and in the remaining two cases this response occurred at rates of 90 and 93 beats per minute.
Maximum Rate of Pacing
The maximum rate of pacing averaged 114 for the group, with a range from 94 to 125 beats per minute (figs. 4 and 5). Further increase in rate from the maximal response to a maximal rate resulted in a decrease in the cardiac index (27-per cent decrease from the optimum rate), 50-per cent decrease in the stroke index, 20-per cent increase in the diastolic systemic pressure, 11-per cent increase in the systemic mean pressure, 70-per cent decrease in left ventricular work, 50-per cent increase in peripheral resistance, 19-per cent increase in the mean circulation time, and 22-per All patients were exercised at the work load of 206 Kg. M. per minute for a period of 4 minutes. They tolerated the exercise without difficulty. Two types of responses were observed during the exercise test. Two cases (no. 2 and no. 5 of table 2) showed no change in the cardiac index, whereas in the remaining six cases the cardiac index increased significantly (37-per cent average increase in the fourth minute of exercise). This maximal increase occurred during the third and fourth minute of exercise ( fig. 7 ). In three cases (nos. 1, 2, and 5 of table 2) there was no significant increase in the stroke index during exercise. In the remaining five cases the stroke index increased significantly. The average increase for the entire group was 33 per cent, which parallels the increase in the cardiac index mentioned above (37 per cent). This type of response points out the significant contribution of the -stroke volume to the increase in the cardiac output when the heart rate is maintained fixed throughout the exercise. In addition to the changes in the stroke index, there was an increase in the central blood volume index, systolic, diastolic and mean systemic pressures, and an increase in the left ventricular work (figs. 8 and 9). The peripheral resistance increased in those cases in which the cardiac index did not change and decreased in cases that had an increased cardiac index. The mean circulation time and ejection time did not change significantly during exercise.
Discussion
In order to maintain normal bodily function in complete heart block, striking changes in the cardiovascular dynamics must occur throughout the entire cardiovascular system. The data presented substantiate previous Effect of exercise at fixed heart rate on the cardiac index (C.I.) and on the stroke index (S.I.). Note an increase in both during exercise. See table 2. Note an increase in the mean pressure and a decrease in peripheral resistance during exercise. Effect of exercise on the left ventricular work (L.V. work) and on the brachial artery systolic pressure (B.P. syst.). Observe the increase in both during exercise.
work8-25 in that these changes do occur and they are characterized by increased right heart and systemic pressures, increased pulmonary and systemic resistances, decreased cardiac output and increased stroke volume, increased left ventricular ejection time, and normal central blood volume. In all subjects the increase in the stroke index was not sufficient to compensate for the reduced heart rate, and, therefore, the cardiac index decreased.
Variable Heart Rate and Optimum Rate of Pacing
In all 13 cases the cardiac index increased progressively from an initial slow rate to a point where the maximal response was obtained. This maximal response, hereby defined as "optimum rate of pacing" was obtained between the rates of 62 to 93 beats per minute, with an average rate of 76. With an increase in the cardiac index, stroke index decreases, brachial artery pressure increases, peripheral resistance decreases, and ventricular work increases, up to a certain point. Beyond that range, however, further increase in the heart rate results in a marked fall in cardiac index and stroke index accompanied by a significant rise in the systemic resistance. Most of the commercially available pacemaker units are set to a fixed heart rate, which is well within the range of this optimum rate.
The mechanism of fall in the cardiac index at higher ventricular rates is somewhat complex. Wiggers and Katz 24 and Hamilton et al. 26 suggested that a decreased output at a rapid rate was due primarily to shortening of diastolic filling time. Miller et al. 27 demonstrated that at rapid rates the coronary blood flow is decreased and this may result in ventricular ischemia, which would produce decreased cardiac output. Using cinefluorographic technics, they also demonstrated a decrease in the diastolic ventricular size at rapid rates and confinned Berglund's28 conclusion that the major factor in limiting the increase in cardiac index is diastolic filling time. Braunwald et al.29 demonstrated that at any given level of end-diastolic circumference the end-diastolic pressure is higher at more rapid ventricular rates. Therefore, the decreased diastolic filling, which resulted in a decreased cardiac index observed at rapid ventricular rates, may be attributed not only to decreased diastolic filling time, but also to resistance of ventricular distensibility during the shortened diastolic filling.
Effect of Exercise at a Fixed Rate
The effect of exercise was studied in eight patients at a fixed heart rate. In two cases, exercise did not increase the cardiac index, but resulted in an increase in brachial artery pressure, peripheral resistance, and left ventricular work. On the other hand, in the remaining six cases, exercise at a fixed heart rate resulted in a significant rise in the stroke volume, thus confirming the important contribution of the stroke volume in increasing the cardiac output. These data are in contrast with the response to exercise in congenital heart block 30 in which the cardiac output and stroke volume almost always increase during exercise. Our data appear to confirm that peripheral vasoconstriction is important in regulating the flow when the heart rate cannot be increased. It is possible that visceral Circulation, Volume XXX, October 1964 compensatory vasoconstriction during exercise is a major contributing factor and that vasodilatation occurs in the exercising skeletal muscle. Rushmer, Franklin, and Van Citters 31 demonstrated that compensatory visceral vasoconstriction is not a predominant mechanism in exercise in normal dogs; perhaps it does become important when the cardiac index is not increased.
These hearts are able to increase the stroke index during exercise when the heart rate is fixed. Rushmer 36 have suggested otherwise. Our experience with the effect of exercise in normal adults and in 25 patients with coronary disease without heart failure suggests that the stroke index increases 20 to 100 per cent during the period of exercise. In six of our cases the marked changes in the cardiac index at a fixed he-art rate parallel the changes in stroke index, thus indicating that the variations of stroke volume are important regulatory mechanisms during exercise under these circumstances.
We are now in the process of studying the effect of exercise at a constant work load on the cardiovascular dynamics in patients with heart block at heart rates of 50, 70, and 90 beats per minute. Our initial data indicate that the increase in stroke volume during exercise is proportional to the heart rate. At a rate of 50 per minute the increase in the stroke volume is much higher than at a rate of 70 beats per minute. The increase in stroke volume at a rate of 90 is very small (fig. 10 ).
Thus it is apparent that the heart has several important mechanisms by which it can adjust its performance to its task. Heart rate is only one of them. The stroke output, the velocity and duration of ejection, and peripheral resistance are also significantly involved. A study of the described cardiovascular dynamics at variable and fixed heart rates and the effect of drugs in such a system are but a few uses of this technic, which could be expanded to a variety of other conditions. Circulation, Volume XXX, October 1964 Effect of exercise on the cardiac index (C.I.) and stroke index (S.I.) at fixed heart rates of 50, 70, and 90 beats per minute. Note the increase in the stroke index at slower rates.
Summary and Conclusions
Cardiovascular hemodynamic studies were performed in 13 patients with complete atrioventricular block resulting from coronary disease.
The cardiac index, the stroke index, and the left ventricular work were decreased and the right ventricular and brachial artery pressures were elevated in all cases for the control slow heart rates.
Increasing the heart rate with the use of an external pacemaker resulted in an average maximal increase of 67 per cent in the cardiac index up to an average rate of 76 beats per minute. As the heart rate increased, the stroke index decreased and the brachial artery pressure, left ventricular work, and central blood volume increased, with a decrease in the peripheral resistance and left ventricular ejection time. Further increases in the heart rate beyond that range resulted in a fall in the cardiac index with a marked increase in the peripheral resistance and left ventricular work.
Exercise at a work load of 206 Kg. M. per minute for 4 minutes at a fixed heart rate pro-duced no change in the cardiac index or stroke index, an increase in left ventricular work and brachial artery pressure, and a decrease in the peripheral resistance.
Heart rate and peripheral resistance are important in the regulation of cardiac output.
